Abstract. Wave-driven setdown and setup observed for 3 months on a cross-shore transect between the shoreline and 5 rn water depth on a barred beach are compared with a theoretical balance between cross-shore gradients of the mean water level and the wave radiation stress. The observed setdown, the depression of the mean water level seaward of the surf zone, is predicted well when radiation stress gradients are estimated from the observations using linear theory at each location along the transect. The observed setdown also agrees with analytical predictions based on offshore wave observations and the assumption of linear, dissipationless, normally incident waves shoaling on alongshore homogeneous bathymetry. The observed setup, the superelevation of the mean water level owing to wave breaking, is predicted accurately in the outer and middle surf zone, but is increasingly underpredicted as the shoreline is approached. Similar to previous field studies, setup at a fixed cross-shore location increases with increasing offshore wave height and is sensitive to tidal fluctuations in the local water depth and to bathymetric changes. Numerical simulations and the observations suggest that setup near the shoreline depends on the bathymetry of the entire surf zone and increases with decreasing surf zone beach slope, defined as the ratio of the surf zone-averaged water depth to the surf zone width. A new empirical formula for shoreline setup on nonplanar beaches incorporates this dependence.
and h estimated from wave and bathymetry data collected along a cross-shore transect agreed well with setup observed for 2 months in 2 m water depth, even though the setup measurements were made with unburied pressure sensors subject to flow-induced measurement errors (see Appendix A) and offset drift.
Field measurements show that surf zone setup depends on the local water depth and the offshore wave height [Nielsen, 1988; King et al., 1990] . Field observations of setup at the shoreline 77shore suggest 77shore --cHs,o,
where Hs,0 is the offshore significant wave height and c is a constant between about 0.2 and 0.3 [Hansen, 1978; Guza and Thornton, 1981; Nielsen, 1988; Hanslow et al., 1996 ]. This result is consistent with (1) and (2) assuming a monotonic beach slope, normally incident long waves, and surf zone wave heights that are a constant fraction of the water depth. However, scatter about (3) is considerable (often greater than 100% of 77shore), possibly because natural beaches often are barred or alongshore inhomogeneous, wave reflection may be large near the shoreline, and the ratio of wave height to water depth may depend on the beach slope and wave conditions. Additionally, observed mean water levels near the shoreline (in both field and laboratory studies) can be sensitive to the measurement technique [e.g., Holland et al., 1995] and to the definition of setup [e.g., Gourla3; is the foreshore beach slope and L0 is the offshore wavelength of the spectral peak frequency. Scatter in this relationship was reduced by separating the results into low, middle, and high tidal stages, and it was hypothesized that the offshore bar morphology influenced the low-tide shoreline setup. However, the observations of Nielsen [1988] showed little effect of the offshore barred bathymetry on the setup, and thus the importance of barred bathymetry to 77shore is uncertain.
Here the balance (1) is tested with field observations of waves and time-averaged water levels measured between the shoreline and about 5 m water depth on a barred beach. Water levels are estimated with buried, stable pressure sensors. Setdown and setup up are predicted by integrating (1) with Sxx based on (2) using the wave observations. The observed setdown is consistent with (1). Similar to Lentz and Raubenburied pressure gages (setup sensors) located between the shoreline and about 5 m water depth (Figure 1 , solid circles). The setup pressure sensors were buried to avoid flowinduced deviations from hydrostatic pressure (see Appendix A). After correcting for temporal changes in water density [Lentz and Raubenheimer, 1999 ] with conductivity and temperature measured in 5 m water depth, mean water levels were calculated from 512 s (8.5 min) records by assuming hydrostatic pressure.
Setup (setdown) was defined as the increase (decrease) of the mean water level relative to that observed at the most offshore setup sensor (cross-shore location x = 58 m). The observed shoreline setup was estimated as the setup where the total water depth was < 0.1 m. Note that 77shore was measured only when the shoreline, defined as the intersection of the mean water level with the beach, approximately coincided with a setup sensor location, which occurred at most once per rising (and falling) tide.
At all but the shallowest three locations, sensor offset drifts (typically equivalent to about 0.03 m of water over the 3 month experiment) were removed by subtracting from each time series a quadratic curve fit to setup estimated at 17 times when negligible setup or setdown was expected (H•,0 < 0.35 m and h > 2 m). In shallower water (x > 350 m), drifts were removed by adjusting the calculated mean water levels (using a quadratic fit) so that setup and setdown were negligible for small nonbreaking waves (estimated as locations and times when the ratio 78 of significant wave height H8 to total water depth h + 77 was < 0.2) and so that the water level equaled sand level when the saturated sand above swash zone sensors first was exposed during rundown . 
Model Solutions
Cross-shore integration of (1) yields [Nielsen, 1988] studies, the slope of the mean water level at the most shoreward setup observations is approximately twice as steep as that farther offshore (Figures 4 and 5a) .
It has been suggested [Nielsen, 1988; Hanslow et al., 1996 ] that cross-shore profiles of setup (normalized by the offshore wave height) can be parameterized as a function of the local water depth (normalized by the offshore wave height). However, on barred profiles the setup often is different at locations on the outer slope of the bar, in the trough of the bar, and on the foreshore even though the water depths are identical at the three locations (z = 338,363, and 383 m in Figure 4c ) where the depth is 1 m. The observed setup in the trough is consistently higher than that observed in similar depths offshore of the bar (Figure 5a ; compare values at constant h / m•,0).
Comparison With Predictions
Setdown and setup are predicted well (using (4) and (2) (Table 1) . However, the regression slopes indicate increasing underprediction of setup in depths • 1 m, reaching a maximum underprediction of about a factor of 2 near the shoreline ( Figure 7 and Table 1 ). The cause of the underpredictions is unknown. The correlation between the observations and predictions is > 0.88 in all water depths. the observed radiation stress gradients (estimated using wave observations and (2)) and also with radiation stress gradients predicted analytically (7) using offshore wave observations and assuming normally incident, monochromatic, nondissipatire waves (Figure 8) . The observed wave setup is consistent with the radiation stresses estimated from observations in the outer and middle surf zone, but is underpredicted by roughly a factor of 2 in depths shallower than • 1 m (Figures 2, 3, 4, 6, and 7 ). Similar to previous field studies, setup at a fixed cross-shore location increases with increasing offshore wave height and is sensitive to tidal fluctuations in the local water depth and to the local bathymetry (Figures 2, 3. and 4). Consistent with numerical simulations that suggest setup near the shoreline depends on the bathymetry of the entire surf zone (Figures 9, 10, and 11) , the observed shoreline setup increases as the surf zone-averaged beach slope decreases (Figure 12b 
